The pea aphid, Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae), presents a dual threat to commercial pulse growers because it can inflict direct injury through feeding and indirect injury as a vector of two important viruses, Pea enation mosaic virus (PEMV) and Bean leafroll virus (BLRV). A decision support system is needed to help producers manage both of these threats in pulses. To address these gaps in lentil, Lens culinaris (Medikus) (Fabales: Fabaceae), we conducted field experiments near Moscow, Idaho in 2011 and 2012 with three objectives: 1) determine economic injury levels (EILs) for pea aphid in lentil based on the direct effects of their feeding on yield, 2) develop economic guidelines for treating aphids carrying PEMV or BLRV based on the impact on yield of virus inoculation at different times after crop emergence, and 3) provide a framework for using both of these decision tools as part of a comprehensive approach to pea aphid management in lentil. EILs were determined based on data from replicated field cage trials over 2 yr. Windows of economic vulnerability to viruses were determined based on artificial inoculation with viruses at different days after crop emergence over 2 yr. Both direct and indirect injury support tools can be parameterized with potential yields, market prices, and the costs of insecticide applications to guide treatment decisions. Together, the two tools comprise a decision support system for managing pea aphid acting as both a direct pest and as a vector of the viruses in lentils in the Palouse region of northern Idaho and southeastern Washington State.
Materials and Methods

Direct Injury: EILs
Field studies were conducted at the University of Idaho, Parker Plant Science Farm near Moscow, Idaho. Direct injury effects were measured during the summer of 2011 and 2012 by infesting caged lentils with pea aphids from a laboratory colony at a range of initial densities, tracking aphid population development, and measuring yield as a function of aphid density. Lentils (cv. 'Brewer') were planted at 90 kg/ha at a row spacing of 15 cm in both years. No commercial insecticides were applied in the field. The field was plowed and disc-harrowed before seeding, which occurred on 14 May 2011 and 17 May 2012. After seeding, the field was rolled. No fertilizer was applied. In each year, the experiment was carried out on two different growth stages of lentil: mid-vegetative stage, starting at 25 days after emergence (25 DAE) and continuing for 3 wk (5, 10, and 15 d after infestation) and early flowering stage, starting at 45 DAE and continuing for 3 wk (5, 10, and 15 d after infestation). An experimental unit (replicate) consisted of 20 adjacent lentil plants grown along a single row and enclosed in a cage. The cage was an A-frame (92 × 80 cm), covered with 'No-see-um' netting with the largest hole being 0.254 × 0.508 mm triangle (BioQuip Products, www.Bioquip. com) and cages were installed 3-5 d prior to infestation. The experiment was arranged as a completely randomized design with six treatments and four (2012) or five (2011) replications. In both years and for each lentil growth stage, the treatments consisted of six different initial aphid densities: 0, 5, 10, 20, 100, and 150 aphids per cage, which were then allowed to develop for the duration of the experiment. The goal was to generate a range of aphid densities for regression analyses. Destructive sampling of two randomly selected plants within each cage was used to estimate the 'realized per plant aphid densities' within the cages at 5, 10, and 15 d after infestation. The cages were then removed and the remaining plants initially within the cage were sprayed with insecticidal soap once a week until harvest to ensure the aphids caused no further damage. The remaining 14 plants in each cage were grown to maturity, harvested, dried for 72 h and the seeds were manually threshed for the measurement of crop yield parameters such as total seed yield per plant (g), and economic yield (g) (the weight of seeds retained through a 12/64″ [4.76 mm] round-hole sieve, a U.S. standard for Brewer lentils [https://www.gipsa.usda.gov/fgis/standards/lentils.pdf]). Economic yield was first measured as kg/ha and then re-expressed as 'relative economic yield' by standardizing to the highest yielding control plot in each year, a necessary procedure because lentil yield varies among fields and locations within the production region.
Relationships between relative economic yield and observed aphid densities were estimated using linear and nonlinear (quadratic and exponential) regression models (SAS Institute version 9.3, 2012). Independent variables for the analyses were the mean observed number of aphids per plant during each of the three destructive plant sample counts: 5, 10, and 15-d after infestation. Preliminary analyses of these models detected no significant year effects (P > 0.05) so the data from both years were pooled to improve precision of the models.
Both linear (PROC GLM, SAS Institute version 9.3, 2012) and nonlinear (quadratic and exponential) regression models (PROC NLIN, SAS institute version 9.3, 2012) were used to quantify the relationship between relative economic yield and observed aphid densities at 5, 10, and 15 d after infestation. The relationship between aphid counts and plant responses may not be linear for various reasons including competition among aphids, which can decrease per-capita impacts as densities increase, justifying the use of nonlinear models for estimating EILs. The exponential regression model was selected because it provided the best fit for predicting the relationship between relative economic yield and observed aphid densities. This relationship can then be used to estimate the EIL, the pest density at which the costs of injury are equal to the costs of control, following the methods of Southwood and Norton (1973) and Pedigo et al. (1986) and using a range of yields and commodity prices based on recent years.
Indirect Injury: Windows of Vulnerability to Inoculation by PEMV or BLRV
Field experiments were conducted during 2011 and 2012 to measure the effects of PEMV and BLRV inoculation on lentils at different plant growth stages. The experiments were done in the same lentil field used for the direct injury experiments described above. In each year, there were two experiments, one for each virus. The design was completely randomized in different parts of the field for each virus to minimize confounding coinfection, but precluding statistically testing differences between the two viruses. In each experiment, clip cages with three infectious aphids from a laboratory colony of either PEMV-infected or BLRV-infected pea plants were applied to the plants to infect them at different stages of development (days after emergence) and left in place for an inoculation access period (IAP) of 72 h. The infectious colonies were established using aphids collected from infected pea (PEMV) or alfalfa (BLRV) plants in the field in 2007 and 2009 and were maintained continuously in the laboratory until this study was conducted. Presence of each virus in the colonies was confirmed periodically using enzyme-linked immunosorbent assay (ELISA) tests of plant tissues. Inoculation was done every 3 to 4 d (i.e., two times a week) for 7 wk, totaling 14 inoculation dates in 2011 (beginning at 10 DAE and 16 inoculation dates in 2012 (beginning at 1 DAE). Each treatment was replicated ten times and a replicate consisted of ten consecutive inoculated plants within a row. Replicates were isolated by at least 3 m, within and between rows.
At the end of the experiments, plant tissues were sampled and analyzed by DAC-ELISA (Direct Antigen Coated-Enzyme-Linked Immunosorbent Assay) for the presence of virus (PEMV or BLRV). To do this, a small tissue sample was taken from the meristematic stipules of each plant within a replicate and these samples were pooled. Inoculation was not always successful based on ELISA testing and only those replicates testing positive for the respective virus were retained for use in the analyses. This procedure eliminated 42 and 46% of the observations from the total across the study in 2011 and 2012, respectively. None of the non-inoculated control replicates in either year tested positive, consistent with the low levels of background virus infection in the region during those years (UI Aphid Tracker, http://www.cals. uidaho.edu/aphidtracker). Plants in each replicate were hand harvested and yield was determined as for the direct injury experiment.
Relative economic yield was examined for responses to inoculation date (DAE). Preliminary analysis indicated the effect of year was not significant (P > 0.05), so data from both years were combined to increase statistical robustness and predictability of the model. The effects of date (DAE) of virus inoculation on economic yield can assume either a linear or a nonlinear relationship. So, linear, quadratic, and exponential regression models were run to determine which produced the strongest relationship between economic yield and date (DAE) of virus inoculation (PROC NLIN, SAS institute version 9.3). The economic yield data were re-expressed as relative values by standardizing to the mean control replicate in order to negate the yield variation among years. Data for relative economic yield across all treatments were variable. Therefore, weighted regression models were used for further analyses. The weighted regression procedure minimizes the sum of weighted squared residuals to produce residuals with a constant variance (Bartlett and Kendall 1946) . Each data point was the total economic yield of the 10 consecutive inoculated plants within a row constituting a replicate on each inoculation date. A 'noninjury point', where dy/dx = 0 (inoculation date after which no further yield loss occurred), was estimated for both viruses based on their respective best-fit regression models. At least some proportional yield loss occurred to the plants due to virus infection before the noninjury point. This relationship can then be used to estimate the date after which treating viruliferous aphids is not economically justified based on estimated yields and costs of treatment.
Results
Direct Injury EILs
Maximum yields differed between the years 2011 and 2012. Here we summarize results of analyses for each year and for data pooled across years. For experiments in which lentils were infested during the vegetative stage (25 DAE), no significant relationships were detected between observed pea aphid density and relative economic yield, within year (P > F > 0.05) for both years, or for data from the 2 yr pooled (P > F > 0.05) using the linear, quadratic and exponential regression models. For experiments in which lentils were infested during the reproductive stage (45 DAE), effects of observed pea aphid density on the relative economic yield were detected for 2011 and for data pooled across years (P < F < 0.05) for the linear and exponential regression models, but not the quadratic models (Table 1) . Between the two significant models, the exponential regression model was a slightly better predictor of relative economic yield than the linear model (Table 1) , based on the generally lower MSE values and P-values (P < 0.05). The scatter plots of the data also suggested an exponential relationship between the aphid density and the relative economic yield. The exponential model is:
where y is the relative economic yield, x is the observed pea aphid density per plant, a and b are the parameter estimates of the intercept and the independent variable, respectively.
Among the exponential models, the one based on aphid density at 5 d after infestation was selected as best for developing an EIL. This model had a low mean squared error and was early enough to generate a useful EIL for preventing injury based on aphid densities present at 50 DAE (Table 1) . Both the exponential and linear model for aphid density versus relative economic yield are plotted in Fig. 1 for comparison. Although the fits appear similar visually in Fig. 1 , we used the exponential model based on its better fit to the data.
EIL Estimation
To calculate EILs, the amount of yield loss per aphid was estimated as:
where D (damage coefficient) is the preventable economic yield loss in tons per hectare (cwt/acre), Y 0 is the relative economic yield when pea aphids are absent, Y A is the relative economic yield when pea aphids are present, and Y P is the economic yield potential in tons/ ha of quality seed (cwt/acre) of the crop at the specified field site. Substituting the relative economic yield values from equation 1 (Y A = y = a * exp (−bx) ) into equation 2 yields:
For aphid densities x ≥ 0, the value of preventable economic yield loss (D $ ) can be obtained by multiplying equation 3 by crop market value (V) in $/100kg ($/cwt) and the control efficacy of the insecticide (K), measured as the proportional reduction in the pest density after the insecticide application:
Equating D $ with the control costs (C, cost of insecticides and application costs) yields:
And solving equation 5 for x determines the EIL: 
For example, substituting the values of a and b obtained from the best fit exponential model given by equation 1 for aphids 50 DAE, using the yield potential (Y P ) of the 'Brewer' lentil in the Palouse region as 1.12 t/ha (10 cwt/acre), crop market value (V) as $64/100kg ($29/cwt) (https://www.ams.usda.gov/mnreports/lswbean.pdf), insecticide control efficacy (K = 1), and control cost (C) under prevailing market conditions as $37/ha ($15/acre) (Matthews and Kurtz 2011, USA Dry Pea and Lentil Council 2012) , the EIL was calculated to be 11 pea aphids per plant during the initial reproductive stage of the plant (50 DAE). In practice, EILs will depend on user-supplied costs of control (C), crop yield potential (Y P ), and insecticide efficacy (K); a range of values based. EIL values for a range of control costs and yield potentials across a range of crop market values and input costs, for an assumed yield of 1.12t/ha (10 cwt/acre) are shown in Table 2 . Values in Table 2 assume a K of 1, based trials with commonly used insecticides registered for pea aphid on field pea (K ≥ 0.96, Eigenbrode and Ding 2005) .
Windows of Vulnerability to Inoculation by PEMV or BLRV
The linear and quadratic regression models from the pooled data were statistically significant for economic yield as a function of plant age (DAE) at inoculation for each virus (P > F < 0.05), but quadratic regression models appeared to be more strongly related based on higher R 2 values and the lower P values for the F statistics in PEMV and BLRV (Tables 3 and 4 ). Exponential regression, in contrast, failed to detect statistically significant relationships between economic yield and age at inoculation for each virus. Regression functions are plotted against the data for BLRV ( Fig. 2) and PEMV (Fig. 3) . A noninjury point (dy/dx = 0) was estimated for BLRV as 48 DAE and PEMV as 50 DAE based on their respective best-fit regression models. Although these noninjury points occurred late in the sampling period, they were early enough to allow their positions to be estimated with confidence. The relationships between proportional yield loss and date of infection, along with costs for treatments and estimated yields, was used to estimate windows of economic vulnerability to virus Control cost includes the cost of insecticide and its application. Items within the parenthesis are converted to dollars per acre. Eigenbrode and Ding 2005) . In our experiments, the injury to lentil caused by PEMV and BLRV and the dynamics of this injury with age of inoculation were similar, so in practice recommendations concerning vector management will be the same regardless of the specific virus. Therefore, treating for aphids as virus vectors after approximately 40 DAE is not justified. After that point, EIL described above can be employed to determine whether insecticidal applications are justified to prevent direct injury from aphid feeding.
Discussion
In this study, we provide the basis for estimating direct injury EILs for pea aphids as a pest of lentil, coupled with a basis for deciding whether to treat the aphids to prevent indirect injury caused by transmission of two plant viruses, PEMV and BLRV. In cage trials over 2 yr, lentil plants infested during the initiation of flowering suffered significant economic yield losses as a function of pea aphid density, justifying the establishment of EILs. Densities as high as those in our experiments occur in lentil fields in the Palouse region (S. Paudel, unpublished data; Eigenbrode and Husebye, unpublished data), so these EILs provide producers with a quantitative and useful guideline for treatment decisions to prevent economic losses due to direct injury. The estimated range of these EILs (Table 2) is higher than those for dry pea (Stokes 2012) , which may help explain the divergence of opinions about the importance of pea aphids as a direct pest of lentil (Bragg 2000) . In contrast to infestations at the flowering stage, we found no relationship between the observed pea aphid density and economic yield during vegetative growth stage in Linear ( lentils. That is, our result indicates that 'Brewer' lentil is tolerant to a 15-d episode of aphid feeding at densities at as high as 175 aphids per plant during vegetative growth stages (up to 35 DAE). This is similar to both Maiteki and Lamb (1985) and Stokes (2012) who reported that pea plants with a range of aphid infestations prior to flowering recovered without significant economic yield loss. Varietal and environmental factors will influence aphid-plant interactions and derived EILs, based on research in pea (Maiteki and Lamb 1985, Soroka and Mackay 1990) , while these remain to be determined for lentil. Additionally, EILs can be modified to take into account the potential impact of natural enemies. Aphid mortality resulting from predation and parasitism would reduce aphid populations that develop after sampling at early bloom and effectively increase EIL estimates. Additional research is therefore required to incorporate environmental variables, varietal differences, and the impact of natural enemies into EIL calculations for pea aphids in lentils. Thus, the EIL values here are conservative.
In addition to direct injury, pea aphid management in lentil must address potential yield loss caused by PEMV and BLRV, which are transmitted by pea aphid (Clement 2006 , Clement et al. 2010 ). If pea aphids are infectious with these viruses, direct injury EILs will be inadequate to guide treatment decisions because a single aphid can cause infection and substantial loss of yield potential in an individual plant. This research showed that loss of economic yield caused by PEMV and BLRV infection is highest soon after plant emergence from the soil, becoming negligible by 50 DAE. This relationship, together with costs of insecticide treatments, potential yield, and the value of the crop, allows estimation of temporal windows of economic vulnerability to virus after which treating the vectors is no longer justified. Across a range of typical yields, market values, and costs of control, windows of economic vulnerability range from 30 to 44 DAE for BLRV, and 29 to 41 DAE for PEMV. In practice, growers can estimate these windows to decide whether to control pea aphids as vectors. Alternatively, growers could employ a 'rule of thumb' that controlling pea aphids in lentil as virus vectors is not likely economically justified after 36 DAE. After these windows, whether calculated or approximated, and when plants are reproductive, the direct injury EIL can be applied.
The apparent increase in resistance or tolerance to PEMV and BLRV during maturation of lentil could result from at least two mechanisms. First, since plants inoculated earlier are infected for a longer period of time before harvest, virus titer and disease symptoms have the opportunity to increase to substantially higher levels thus causing more injury (Develey-Riviere and Galiana 2007). Second, younger plants may be more prone to tissue damage than older plants making them more vulnerable to eventual yield loss than plants infected at later growth stages. That is, lentils may exhibit maturity-related increases in tolerance, resistance, or both to infection by these two viruses, as occurs for other plants and their associated pathogens (Leisner et al. 1993 , Kus et al. 2002 , Panter and Jones 2002 , Develey-Riviere and Galiana 2007 , Farber and Mundt 2017 . Although our design precluded statistical comparison, the impact of BLRV on lentil yield appeared to be slightly greater than that of PEMV. The difference between the two viruses, however, appears too small to be economically important. In practice, evidence of infectious aphids for either virus would justify making treatment decisions based on our model. In addition, our experiments simulated simultaneous inoculation of all plants by aphids carrying virus on a specific day after emergence of the crop. Under field conditions, this will rarely occur, and new infections will occur continuously via immigrating infectious aphids and through plant-to-plant spread within the crop. Thus, our model is conservative and practical, based on information that is readily obtained through monitoring.
Based on extrapolation from our models, yield reductions caused by virus infections earlier than 10 DAE might be expected to be even greater, up to 100%. We measured yield from plants infected prior to 10 DAE in just 1 yr of the present study and found yield reductions similar to those caused by infections at 10 DAE. Thus, there appears to be no indication that greater vigilance by a grower is merited prior to 10 DAE regarding the presence of virus inoculum.
Unexplored in this study was the effect of simultaneous multiple virus infections. Preliminary field trials indicate these two viruses may be less than additive in their effects on yield (Husebye 2013), but more research is needed in this area. Although dual infection is rare, it can occur, and in very severe virus outbreak years it may be common (Eigenbrode, unpublished data) .
The direct and indirect injury effects of pea aphids on lentils and the decision rules based on a direct EIL and window of economic vulnerability to virus injury presented here are complementary in practice. On years when virus risk is estimated to be high, treatments should be guided by the first date of the appearance of aphids and the potential injury they can cause as vectors of PEMV and BLRV. If virus is not present or if the crop is greater than approximately 36 DAE, the direct injury EILs can be used. Specific windows of vulnerability will vary with crop yield potential, insecticide costs and crop prices. Currently, risk of virus infection can be assessed from climatic models (Husebye 2013 ) and monitoring of incoming aphids for virus, which are incorporated into alerts posted through a decision support site for managing pea aphid in PNW pulse crops system (http://www.cals.uidaho.edu/aphidtracker/index.asp). There is a potential for development of rapid and inexpensive virus detection in individual aphids, which will complement these models as part of a comprehensive decision support system. Similar approaches may be valuable for other pulse crops and in other regions where pea aphid and the plant viruses it vectors constrain yields. The specific DAE threshold varies with crop market value and costs of control, similar to a pest density EIL. a Values in this table based on crop yield potential of 1.12 t/ha (10 cwt/acre), and insecticide efficacy as 1. b Control cost includes the cost for insecticide and its application. Items within the parenthesis are converted to dollars per acre.
c Items within the parenthesis are converted to dollars per cwt.
